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CISLUNAR ELECTRON CONTENT AS DETERMINED 

BY RADAR GROUP DELAY MEASUREMENTS 

Abstract  

An e a r l i e r ,  preliminary r epor t  [Howard e t  a l ,  19651 descr ibed an 

experimental radar  technique f o r  measuring d i f f e r e n t i a l  group delay t o  

t h e  moon with an accuracy of 10 psec and presented r e s u l t s  of 5 measure- 

ments. Since t h a t  t i m e ,  the 25 and 50 MHz radars  a t  Stanford have been 

modified t o  improve power output and time re so lu t ion  and, through t h e  

months of July and August, 1965, w e r e  used t o  determine c i s l u n a r  elec- 

t r o n  content  during 55 luna r  meridian t r a n s i t s .  

contents ,  determined by t h e  Faraday r o t a t i o n  on 136 YHz s i g n a l s  from 

Cyr?cc?l? 111 vere comhfned w i t h  c a l cu la t ed  protonospheric values  and sub- 

t r a c t e d  from each radar  determination of t o t a l  content .  

Ionospheric e l ec t ron  

The r e s u l t s  of t h i s  experiment r e in fo rce  t h e  e a r l i e r  conclusion 

t h a t  t h e r e  a r e  t w o  d i s t i n c t  regions beyond t h e  plasmasphere. I n  t h e  

general  d i r e c t i o n  of t h e  sun where most of t he  radar  pa th  i s  beyond the 

shock wave boundary, t h e  average e l ec t ron  number dens i ty  i s  very low: 
I 
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11 f 30 ~ m - ~ .  

opposi te  t he  sun, t h e  columnar content from approximately 4 R 

moon is  4,9 f 1.2 x 10l6 electrons m 

along t h e  path, i t  would imply a number dens i ty  of 120 2 30 c m  ’. 
wake densi ty  and possibly i t s  shape appear t o  change on a day t o  day 

bas i s .  

Within t h e  s o l a r  wind wake of t h e  earth,  i n  the  quadrant 

t o  t h e  E 
-2 . I f  t h i s  content were spread evenly 

- 
T h e  

Introduct ion 

Lunar r ada r  measurements of group delay on two frequencies were 

used i n  December 1964 t o  deduce c i s l u n a r  e l ec t ron  content i n  several  

d i r e c t i o n s  r e l a t i v e  t o  the sun. The conclusions drawn from t h e  work 

[Howard e t  a l ,  19651 were t h a t  i n  t h e  quadrant opposi te  t h e  sun, o r  t h e  

region known as  t h e  magnetospheric t a i l ,  t h e  average c i s l u n a r  e l ec t ron  

densi ty  above t h e  ionosphere i s  a s  high as seve ra l  hundred pe r  cubic 

centimeter and t h a t  toward the sun t h e  dens i ty  i s  much lower. 

The experimental technique i s  based on t h e  f a c t  t h a t  radar-signal 

round-trip t i m e  is r e l a t e d  t o  t h e  d i s t ance  from t h e  r ada r  t o  t h e  moon 

and t h e  mean square plasma frequency over t h e  r ada r  path [Eshleman et  

-, a1 19601 

where T 

t h e  r a d a r  

The 

where re 

f O Z  
T = T  0 (1 +?), f >> f o  

the f r e e  space d e l a y  t i m e ,  f 
TO 

i s  t h e  propagation t i m e ,  

frequency, and f2 t h e  mean square plasma frequency. 

plasma frequency is r e l a t e d  t o  t h e  e l e c t r o n  dens i ty  through 

0 

f = c2 re N/sc = 80.6 N 
0 

i s  t h e  c l a s s i c a l  e l ec t ron  radius  (2.8178 x meters), 
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I .  

and N i s  t h e  number of e lec t rons  pe r  cubic  meter. 

I t  follows t h a t  f o r  a round-trip t i m e  t o  t h e  moon of 2.6 sec  and 

a radar  frequency of 25 MHz, t h e  e x t r a  delay caused by an average of 

100 e l ec t rons  cm-3 along t h e  e n t i r e  path i s  16.8 psec. Thus To must 

be known t o  a prec is ion  of one p a r t  i n  10 i f  a meaningful comparison 

i s  t o  be made. T h i s  need f o r  absolute  p rec i s ion  can be circumvented i f  

t h e  measurement i s  simultaneously performed on two frequencies  f l  and 

6 

f2,  so t h a t  a r e l a t i v e  delay can be measured. The 

then be - 
f 2  

delay d i f f e rence  w i l l  

For t h e  Stanford radars  with f l  = 25 MHz and 

e n t i a 1  delay 

100 cm-3 along t h e  c i s l u n a r  p a t h  would be 12.6 psec.  

f 2  = 50 MHz, t h e  d i f f e r -  

T1 - T caused by an average e l ec t ron  number dens i ty  of 
2 

Experiment Descr ipt ion 

Both the  December 1$4 measurements and o t h e r  radar  work (Yoh et 

a1 19661 demonstrated t h a t  t h e  s o l a r  and an t i - so l a r  c i s l u n a r  regions -, 
a r e  d i s t i n c t l y  d i f f e r e n t ;  however, t h e  accuracy and quant i ty  of da t a  

ava i l ab le  w e r e  i n s u f f i c i e n t  to draw a d e t a i l e d  p i c tu re .  For t h i s  rea- 

son, spec ia l  e x c i t e r  and rece iver  equipment was constructed based on 

frequency synthes is  techniques developed by another group i n  the  Stan- 

fo rd  Radioscience Laboratory [ Barry and Fenwick, 19651. 

Br ie f ly ,  t h e  two radars a r e  simultaneously swept i n  frequency a t  

t h e  r a t e  of 1 Hz every 10 psec over a 100 kHz band. Af te r  t r ansmi t t i ng  

i n  t h i s  mode f o r  t h e  approximate round-trip t i m e  of 2.6 sec,  r ece ive r s  
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a r e  connected t o  t h e  antenna f o r  t h e  same length  of t i m e .  During t h i s  

l a t t e r  t i m e  t he  rece iver  l o c a l  o s c i l l a t o r s  a r e  swept i n  frequency i n  an 

i d e n t i c a l  manner t o  t h e  t ransmit  sweep. The r e s u l t i n g  beat  no te  between 

t h e  luna r  echo and t h e  swept o s c i l l a t o r  i s  recorded on magnetic tape.  

The tape  is  then re-recorded t o  compress t h e  da t a  by a f a c t o r  of 32 be- 

f o r e  processing on a Spectran spectrum analyzer.  

A sample spectrum analyzer output f o r  a 2-hour run i s  shown i n  

Fig. 1. The a x i s  labe led  "Relat ive Time Delay" i s  ac tua l ly  a combina- 

t i o n  of range, R, and range r a t e ,  R. The  reason f o r  t h e  skewed appear- 

ance i s  t h a t  t h e  24.9 MHz curve i n  

R - R. I n  reducing the  data,  R i s  computed t o  f i n d  AR or, when con- 

R + R while t h e  49.8 YHz curve i s  

ver ted  t o  t i m e ,  T1 - T2-  

With t h e  s igna l  s t rengths  received and t h e  r e so lu t ion  ava i l ab le  

i n  t h e  spectrum analyzer,  i t  i s  poss ib l e  t o  s c a l e  d i f f e rences  w i t h  an 

accuracy of 

content ,  t h i s  i s  2 0.8 x 10l6 e l ec t rons  m-2, or when spread over t h e  

e n t i r e  earth-moon path, a number dens i ty  of 

2.5 psec f o r  each poin t .  In  terms of columnar e l ec t ron  

2 20 ~ m - ~ .  Daily measure- 

ments can be made f o r  about 1-1/2 hours w i t h  approximately 15 sca l ings  

accomplished a t  ?-minute i n t e r v a l s .  

The uncer ta in ty  caused by roughness of t h e  luna r  su r face  i s  con- 

s ide rab ly  l a r g e r  a s  can be seeii f i G =  the second-to-second jaggedness of 

t h e  ind iv idua l  echoes i n  Fig, 1. I t  i s  also f e l t  t h a t  ionospheric  

roughness o r  blob s t r u c t u r e  accounts f o r  longer  term (minutes) v a r i a t i o n  

i n  echo range. Using 15 measurements a s  an average number, t h e  e r r o r  

con t r ibu t ion  of t h e  moon-medium-equipment combination i s  approximately 

f 12  psec pe r  measurement or f 3.1 psec. In  terms of e l ec t ron  content  

4 
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I -2 t h i s  i s  25 cme3 o r  2 1 x e lec t rons  m . 
Recent c r i t i c i s m  of t h i s  and o t h e r  radar  methods of measuring 

e l ec t ron  d e n s i t i e s  [Scar f ,  19661 a l s o  needs t o  be considered. The argu- 

ment has been advanced t h a t  coherent e l ec t ron  dens i ty  f l u c t u a t i o n s  could 

severe ly  modify propagation constants .  

has demonstrated t h a t ,  even i n  the  unl ike ly  circumstance t h a t  opera t ing  

wavelength and dens i ty  f luc tua t ion  s c a l e  s i z e  were t o  coincide,  t h e  

t o t a l  e f f e c t  would be l e s s  than 1% and would be i n  t h e  d i r e c t i o n  of 

decreasing radar  measured content r a t h e r  than i n  t h e  inc rease  o r i g i n a l l y  

pos tu la ted .  

masked by o the r  measurement noise.  

I 

On t h e  other hand, Hagfors [ 19661 

Thus, i t  would appear tha t  any such e f f e c t  would be w e l l  

Path Def in i t ion  and DescriDtion 

For purposes of t h i s  paper the term ionosphere w i l l  be used to  

descr ibe  t h a t  region up to  the  t r a n s i t i o n  between oxygen and l i g h t e r  

elements a t  roughly 1000 km. Above t h e  t r a n s i t i o n  region and t o  t h e  

plasmapause or "knee" w i l l  be c a l l e d  t h e  protonosphere w i t h  due regard 

t o  t h e  dominant r o l e  of ionized hydrogen. The e n t i r e  region, combining 

ionosphere and protonosphere, is then ca l l ed  t h e  "plasmasphere". 

A l l  of t h e  d iscuss ion  of d e n s i t i e s  t o  fol low i s  based upon t h e  

radar  path t o  t h e  moon through t h e  medium. This  presenta t ion  d i s tor t s  

the  usual  ver t ica l -conten t  d iurna l  curve f o r  t h e  ionosphere but g ives  

a much c l e a r e r  p i c t u r e  of the  remaining c i s l u n a r  medium, a s  w i l l  be 

seen i n  t h e  following sec t ions .  Since the plane of t h e  l una r  o r b i t  is  

inc l ined  t o  t h e  e c l i p t i c  by approximately 5 degrees,  the moon can be 

loca ted  above or  below t h e  e c l i p t i c  by about 5 a t  i t s  range of 60 5. 
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The i n t e r s e c t i o n  of t h e  two planes i s  known a s  t h e  l i n e  of t h e  nodes 

and the  pos i t i on  of t h e  ascending node for t h e  d a t a  period precessed 

from 0600 t o  1000 l o c a l  t i m e .  

t h e  moon was below t h e  e c l i p t i c  when i n  the  magnetospheric t a i l ,  wi th  

t h e  maximum downward displacement loca ted  between t h e  0100 and 0300 

d i rec t ions .  This  means t h a t  the  night t ime r ada r  path pene t r a t e s  t h e  

e c l i p t i c  plane a t  about 10 RE. For t h e  period under discussion,  t h e  

moon's e leva t ion  w a s  a maximum (77.6') between 1000 and 1200 l o c a l  t i m e  

and a minimum (26.2O) between 2200 and 2400 hours. Therefore, t h e  path 

length  through t h e  e a r t h ' s  ionosphere w a s  t w i c e  as long (sec X = 2 for 

a 400-km l a y e r  he ight )  near  midnight a s  i t  was near  noon. The calcula-  

t i o n  of protonospheric content a l s o  takes  t h i s  f a c t o r  i n t o  account by 

stopping in t eg ra t ion  a t  t h e  L-shell value equivalent  t o  an equa to r i a l  

knee pos i t i on  of 4 % e  

Thus, during t h e  majori ty  of t h i s  t i m e ,  

A diagram of t h e  path geometry f o r  both t h e  day and n ight  cases  

i s  presented i n  Fig. 2 as an aid t o  v i s u a l i z i n g  t h e  r e l a t i o n  between 

t h e  radar  path, t h e  equator ia l  and e c l i p t i c  planes,  and the  plasmasphere. 

Ionospheric Measurement 

Since the  radars  measure content  over  t h e  e n t i r e  c i s l u n a r  path, 

t h e  plasmasphere's cont r ibu t ion  must be subt rac ted  i f  conclusions a r e  

t o  be made about t h e  in t e rp l ane ta ry  and wake dens i ty .  The ionospheric  

p a r t  of t h e  path can be obtained i n  seve ra l  ways, such a s  bottomside 

and tops ide  sounding, r ada r  Faraday, e l ec t ron  backsca t t e r  and var ious 

satel l i te  Doppler and Faraday measurements. For t h i s  experiment, Fara- 

day r o t a t i o n  on t h e  136 MHz s igna l s  fran Syncom I11 was used t o  deduce 

7 
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ionospheric content  [ G a r r i o t t  e t  a l ,  19651. The nn ambiguity i n  

measuring polar iza t ion ,  equivalent t o  3.96 x e lec t rons  m , was 

removed by using t h e  C-2 v e r t i c a l  incidence ionosonde located on t h e  

Stanford campus, 

-2 

Syncom was recorded continuously and an average content  calcula-  

t e d  f o r  each period corresponding t o  t h e  radar  measurement t i m e .  These 

d a t a  w e r e  supplied [Smith, 19661 i n  t h e  form of v e r t i c a l  columnar con- 

t e n t  a t  t h e  subionospheric point  which, during t h i s  t i m e ,  was loca ted  

a t  33.6O N and 134.g0 W. 

l o c a l  moon t r a n s i t  t i m e ,  t he  radar path subionospheric po in t  var ied 

from approximately 30 

tud ina l  d i f f e rences  were minimized by comparing r ada r  and Syncom da ta  

a t  t h e  subionospheric point  l oca l  t i m e .  D e t a i l s  of t h e  Syncom ana lys i s  

a r e  contained i n  t h e  l i t e r a t u r e  [Gar r io t t  e t  a l ,  19653. 

t a n t  t o  note  t h a t  though the i n t e g r a l  extends along t h e  e n t i r e  path, 

it i s  heavi ly  weighted a t  the  lowest a l t i t u d e s  due t o  t h e  rq3 behavior 

of t h e  e a r t h ' s  magnetic f i e l d  and t h e  rapid decrease i n  e l ec t ron  hum- 

ber dens i ty  wi th  height .  

Since t h e  radar  observat ions occurred around 

0 0 N t o  36.5O N along t h e  121.5 W meridian. Longi- 

I t  i s  impor- 

Comparison of these  r e s u l t s  with those obtained from Faraday 

measurements on S-66 a t  1000 km shows t h a t  t h e  Syncom Faraday method 

produces somewhat nigher= iiiiiiibsrs. k r i n g  the period under d iscuss ion  

17, S-66 passes  analyzed averaged 10.2% less than t h e  Syncom contents .  

Nighttime passes  a r e  general ly  about 15% low while those  taken during 

t h e  day a r e  wi th in  5%. 

expected above 1000 km based on t h e  protonospheric models discussed 

i n  t h e  next sec t ion .  S ince  t h e  content  above 1000 km i s  t r e a t e d  separ- 

This  agrees w e l l  wi th  t h e  amount of r o t a t i o n  



16 a t e ly ,  t h e  Syncom Faraday contents  have been adjusted downward by 1.2 x 10 

e l ec t rons  m t o  agree b e t t e r  with ionosonde and Beacon s a t e l l i t e  da ta .  -2 

Analysis of t h e  errors involved shows t h a t  t h e  o v e r a l l  measurement 

accuracy expected i s  approximately 10 degrees i n  po la r i za t ion  angle  or  

- + 0.4 x 10l6 e l ec t rons  m -2 
, 

Protonosr)heric Measurement and Calculat ion 

In  t h e  previous work, no attempt was made t o  remove e l ec t ron  con- 

t e n t  between 1000 km and the  plasmapause from t h e  resul ts .  S ince  it  i s  

c l e a r  t h a t  t h i s  region can account f o r  a s i g n i f i c a n t  f r a c t i o n  of t h e  

in t eg ra t ed ,  content,  two d i f f e r e n t  techniques have been used t o  compute 

i t s  con t r ibu t ion  . 
F i r s t ,  t he  columnar content has been ca l cu la t ed  based on a d i f fu -  

s i v e  equilibrium, hydrogen-only equa to r i a l  model [ daRosa, 19663. 

model assumes an e l ec t ron  number dens i ty  of 6 x lo3  cm-3 a t  1000 km and 

t h e  t o t a l  content  i s  ca lcu la ted  along t h e  radar  pa th  t o  t h e  L-shell  

va lue  f o r  a 4 % knee pos i t ion .  I t  has been found t h a t  t h i s  content  is 

r e l a t i v e l y  i n s e n s i t i v e  t o  knee pos i t i on  and is  much more dependent upon 

temperature. 

a t i o n  of Te 

s i n g l e  value of 1500 

s o l a r  d i r e c t i o n .  Tota l  contents  der ived from t h i s  c a l c u l a t i o n  a r e  2 

and 3 x 10l6 e l ec t rons  m 

spec t ive ly .  

This  

Since not enough is  present ly  known about t h e  d iu rna l  va r i -  

t o  choose a co r rec t  temperature f o r  each t i m e  of day, a 

0 K w a s  s e l ec t ed  a s  being reasonable i n  t h e  an t i -  

-2 i n  t h e  solar and an t i - so l a r  d i r ec t ions ,  re- 

A c a r e f u l  i nves t iga t ion  of t h e  e f f e c t  of a f ixed  temperature and 

t h e  hydrogen-only model has shown t h a t  t h e  night t ime values  a r e  reason- 

able,  and, i f  anything, high by 10s. 

10  

Conversely, t h e  dayside values  a r e  



not  r e a l i s t i c  f o r  both t h e  temperature and dens i ty  assumed could be 

inco r rec t  by a f a c t o r  of t w o .  

For t h i s  reason, a second approach was tr ied based on Alouet te  I 

d a t a  [Chan et a l ,  1966; Thomas et a l ,  19661 and exce l len t  w h i s t l e r  

d a t a  ava i l ab le  f o r  s eve ra l  days during t h e  per iod [Angerami, 19661. 

The night-s ide computation i s  again s t ra ightforward,  f o r  a s i m i l a r  model 

i s  assumed and t h e  Alouet te  da ta  y i e l d  an i d e n t i c a l  1000-km content  to  

t h a t  used previously.  On t h e  day s ide ,  however, a 1000-km e lec t ron  num- 

ber dens i ty  of 25 x lo3 cm-3 has been se l ec t ed  from t h e  Alouet te  d a t a  

as being r ep resen ta t ive ,  I t  should be noted t h a t  t he  m o s t  ex tens ive  

d a t a  ava i l ab le  a r e  f o r  Alouette passes  taken a t  Stanford i n  t h e  summer 

of 1963. These da t a  have been compared with Ottawa da ta  f o r  t h e  summers 

of 1963 and 1965 [Colin -9 19661 and no cons i s t en t  d i f f e rences  were found. 

I n  general ,  t h e  d e n s i t i e s  appear r e l a t i v e l y  unchanged over t h e  per iod 

of i nves t iga t ion  and the  t o t a l  e f f e c t  poss ib l e  on t h e  protonosphere 

c a l c u l a t i o n  was less than 

XXII Langmuir probe r e s u l t s  [Brace -9 19661 shows t h a t  the  assumption of 

no s i g n i f i c a n t  change between 1963 and 1965 1000-km d e n s i t i e s  i s  w e l l  

j u s t i f i e d .  

model, a computation of dayside content  y i e l d s  3.05 x l 0 l 6  e l ec t rons  m . 

f l5$. A f u r t h e r  comparison with Explorer 

Using t h e  Alouette dens i ty  and a somewhat more complete 

-2 

Thus, it has been concluded that, for t h e  period i n  quest ion,  t h e  

-2 protonospheric content  was very c l o s e  t o  3 x 10l6 e l ec t rons  m 

t h e  r ada r  path on both t h e  night  and day sides. This  apparent indepen- 

dence of s o l a r  d i r e c t i o n  i s  caused by a l a r g e  d i f f e rence  i n  r ada r  path 

zen i th  angles  fmm n igh t  to  day. 

along 
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Experiment a1 Resul t s  

I n  t h e  following f igu res ,  a l o c a l  t i m e  s c a l e  i s  used. This  t i m e  

can be i n t e r p r e t e d  a s  longi tude i n  t h e  geocent r ic  s o l a r  e c l i p t i c  system 

a s  viewed from t h e  nor th  e c l i p t i c  po le  s ince  t h e  da t a  were taken a luna r  

meridian t r a n s i t .  Thus, noon i s  toward t h e  sun and midnight i s  i n  t h e  

a n t i - s o l a r  d i r ec t ion .  Er ror  bars  on ind iv idua l  p l o t s  r e f l e c t  t h e  pre- 

ceding d iscuss ions  of measurement and computation accuracy. 

Figure 3 is  a p l o t  of t h e  r ada r  minus Syncom Faraday r e s u l t s  f o r  

each period of operat ion.  S t a r t i n g  with t h e  f i r s t  run on June 25, t h e  

content  can be t raced  through two luna t ions  by following f i r s t  t h e  

s o l i d  l i n e  and then t h e  dot ted  l i n e  ending on August 26. From t h i s  f i -  

gu re  i t  i s  very tempting t o  draw an analogy w i t h  t h e  t a i l  of a comet i n  

t h e  manner suggested by the  IMP magnetometer [ N e s s  -9 19663. The day-to- 

day and month v a r i a b i l i t y  a r e  dominating f e a t u r e s  of t h i s  f i gu re ,  w h i l e  

t h e  d i f f e r e n c e  i n  behavior between t h e  s o l a r  and a n t i - s o l a r  d i r e c t i o n s  

i s  evident.  

Figure 4 i s  t h e  same da i ly  da t a  with t h e  two months in t e r l aced .  

The t o t a l  spread i s  unchanged but t h e  d i r e c t i o n a l  behavior i s  even more 

ev ident .  Each d a i l y  point  represents  approximately 1-1/2 hours of radar  

and Syncom data .  The da ta  poin ts  i n  t h i s  f i g u r e  have been used a s  t h e  

b a s i s  fo r  t h e  remaiiiiiig figures V:!IP~P P 5-point running mean i s  p l o t t e d  

f o r  ind iv idua l  r ada r  and ionospheric measurements. 

~ 

Figure 5 presents  t h e  radar  measured group delay expressed a s  

earth-to-moon columnar content.  For comparison purposes, t h e  Syncom 

ionospheric  content  and t h a t  ca l cu la t ed  f o r  t h e  protonosphere a r e  a l s o  

shown. Comparison of t h e  radar  and Syncom curves shows t h a t  much of t h e  

12  



1200 

00 
M I DN IGHT 

F I G .  3. RADAR GROUP DELAY ELECTRON CONTENT MINUS SYNCOM FARADAY ELEC- 
TRON CONTENT. Each dot represents  approximately 1-1/2 hours of 
da t a  taken around lunar  meridian t r a n s i t .  
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FIG. 5 .  F I V E  DAY RUNNING MEAN OF COLUMNAR ELECTRON CONTENTS AS MEASURED 
BY RADAR GROUP DELAY AND FARADAY ROTATION OF SYNCOM SATELLITE S I G -  
NALS. 
electrons rn-2. 

C a l c u l a t e d  protonosphere content i s  p l o t t e d  a t  3.05 x 1016 
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d e t a i l e d  behavior i s  due t o  t h e  ionosphere while t h e r e  is  a gradual in-  

c r ease  i n  spread between them, beginning a t  1500, reaching a maximum 

j u s t  a f t e r  midnight and decreasing u n t i l  0900. I t  should again be em- 

phasized t h a t  t h e  va lues  p lo t t ed  a r e  those  along t h e  path, not v e r t i c a l  

conten ts  ,, 

Figure 6 is  a p l o t  of c i s luna r  e l ec t ron  content  above t h e  plasma- 

pause a s  a func t ion  of t i m e .  

running mean value of Syncom-Faraday deduced ionospheric content  and ca l -  

cu la t ed  protonospheric content  from t h e  t o t a l  value a s  measured by t h e  

radar .  

two lower curves from t h e  upper one of Fig. 5. I t  i s  very obvious here 

t h a t  daytime and night t ime behavior a r e  q u i t e  d i f f e r e n t  and t h a t ,  i n  t h e  

a n t i - s o l a r  d i r ec t ion ,  t h e  content above the  plasmasphere is  much g r e a t e r  

than when looking toward t h e  sun. One i n t e r p r e t a t i o n  of t h i s  content  i s  

shown on t h e  right-hand abscissa  where columnar content  has been divided 

by r ada r  path length  to  g ive  an average volume dens i ty .  

I t  was a r r ived  a t  by sub t r ac t ing  t h e  ?-day 

I n  o t h e r  words, i t  i s  the  amount l e f t  over a f t e r  sub t r ac t ing  t h e  

The  po in t s  i n  Fig., 6 a r e  p l o t t e d  i n  polar  coordinates  i n  Fig. 7 t o  

more c l e a r l y  demonstrate t he  r e s u l t s ,  The d i r e c t i o n a l  dependence of 

columnar content  above the  plasmapause i s  an outs tanding f e a t u r e  of t h i s  

f igure,  

.--&---- 91nn =nd n3no hours, i t  is  4.9 x elec-  e l e c t r o n s  m wniie  u e : L w c G I I  LIVV ---_ 

t r o n s  m 

16 The average content  between 0 9 0  and 1500 hours i s  0.04 x 10 

-2  

-2 

D i  scu s si on 

Exanination of t h e  experimental da t a  makes i t  c l e a r  t h a t  e l ec t ron  

content  between t h e  ionosphere and the moon i s  much l a r g e r  i n  t h e  an t i -  

s o l a r  than i n  t h e  s o l a r  d i rec t ion .  Even i f  t h e  estimated e r r o r s  combined 

16 
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t o  reduce t h e  content  i n  t h e  an t i - so la r  d i r e c t i o n  alone, t h i s  d i r e c t i o n a l  

t 

. 

behavior would s t i l l  be evident .  

The r ada r  and Syncom r e s u l t s  a r e  ind iv idua l ly  s t ra ight forward  

enough t h a t  t h e  e r r o r  l i m i t s  assigned a r e  thought to  be r e a l i s t i c .  The 

major uncer ta in ty  s t i l l  l ies  i n  t h e  protonosphere w h e r e  no d i r e c t  mea- 

surements through t h e  region have been made. Recent advances i n  w h i s t l e r  

technique and the a v a i l a b i l i t y  of 1965 d a t a  have made it poss ib l e  to  ca l -  

culate  t h e  por t ion  between 4000 km and t h e  knee wi th  a high degree of 

accuracy [Angerami, 1966; Carpenter, 1966; Angerami and Carpenter, 19661. 

These c a l c u l a t i o n s  invar iab ly  show t h a t ,  independent of radar  path zen i th  

angle  and knee pos i t ion ,  content between 4000 km and t h e  knee is  less 

than  1 x 10l6 e l ec t rons  I U - ~ .  

t a l  protonosphere ca l cu la t ion  l ies i n  t h e  1000 t o  4000 km region where 

no d i r e c t  measurements are ava i lab le  f o r  t h e  per iod i n  quest ion.  

Thus, t he  l a r g e s t  cont r ibu t ion  t o  t h e  to- 

Confidence i n  t h e  contents  ca l cu la t ed  f o r  t h e  1000 km t o  1.5 % 
por t ion  of t h e  path are highest  i n  the  a n t i - s o l a r  d i r e c t i o n  where t h e  

r ada r  path c lose ly  p a r a l l e l s  or  c rosses  the  equa to r i a l  plane.  Th i s  con- 

f idence  i s  enhanced by t h e  knowledge t h a t  t h e  1000 km d e n s i t i e s  and 

temperatures a r e  known and tha t  t h e  d i f f u s i v e  equi l ibr ium model ade- 

qua te ly  descr ibes  behavior i n  t h i s  region [ Angerami and Carpenter, 19663. 

In  t h e  s o l a r  d i r ec t ion ,  however, t h e  protonosphere computatkar is 

more d i f f i c u l t  f o r  three reasons: 

known, t h e  r ada r  path i s  always w e l l  above t h e  equa to r i a l  plane, 2) i t  

i s  d i f f i c u l t  t o  assign a r e a l i s t i c  temperature t o  the  medium, and 3) t h e  

dominance of hydrogen can no longer  be assumed. However, t h e  f a c t  t h a t  

t h e  in t e rp l ane ta ry  dens i ty  remaining i n  t h e  s o l a r  d i r e c t i o n  i s  a small 

1) while t h e  1000 km dens i ty  i s  st i l l  



. 

number and t h a t  t h e  p o s i t i v e  and negat ive excursions of t h i s  number l i e  

within t h e  error l i m i t s  g ives  assurance t h a t  t h e  numbers der ived a r e  

meaningful. This  same f a c t  adds considerable  s t r e n g t h  t o  conclusions 

reached f o r  t h e  an t i - so l a r  d i r ec t ion .  

Comparison of t h e  previously mentioned l u n a r  radar  work by Yoh et 

a1 [ 19661 with addi t iona l  protonosphere ca l cu la t ions  f u r t h e r  r e in fo rces  

these conclusions.  I n  t h e  above paper, day- and n ight -s ide  conten ts  

were deduced from combined Doppler and Faraday records.  

taken during t h e  win ter  of 1964 when t h e  daytime path was near ly  p a r a l l e l  

to t h e  equa to r i a l  plane and the  night t ime path w a s  w e l l  above i t - - j u s t  

t h e  r eve r se  of t he  s i t u a t i o n  shown i n  Fig. 2. Calcu la t ion  of protonos- 

phere e l ec t ron  conten ts  f o r  t h i s  geometry y i e l d s  5 and 2 x 10l6 elec- 

t r o n s  m f o r  t h e  day and night sides respec t ive ly .  When t h e s e  numbers 

are subt rac ted  from t h e  radar  r e s u l t s ,  t h e  day-side content  becomes 

very small, while  t h a t  remaining i n  the  an t i - so l a r  d i r e c t i o n  i s  between 

3 and 4 x 10l6 e l e c t r o n s  m-2. 

The d a t a  were 

-2 

Conclusions 

These radar  r e s u l t s  i n  the  s o l a r  d i r e c t i o n  agree w e l l  w i t h  w h i s t l e r  

d a t a  which suggest a very low dens i ty  beyond t h e  knee [Carpenter, 19663 

and with tbc p l z s m i  [Wolfe, 1966; 

ga t ion  [Eshleman et a l ,  19661 

c r a f t .  The general  agreement between t h e  3 very d i f f e r e n t  Pioneer mea- 

- Lazarus e t  a l ,  19663 and r ad io  propa- 

experiments on board t h e  Pioneer V I  space- 

surements i s  s t r i k i n g  w i t h  an average in t e rp l ane ta ry  e l ec t ron  number 

dens i ty  of less than 10 cm-3 emerging s t rongly .  The average from radar  

measurements between t h e  hours of 0 9 0  and 1500, though very rough, i s  

-3 11 f 30 cm . 
20 
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I n  t h e  an t i - so l a r  d i rec t ion ,  t h e  s i t u a t i o n  i s  considerably d i f f e r -  

e n t .  Based upon present  understanding and w i t h  t h e  knowledge t h a t  i t  is  

impossible t o  spec i fy  d i s t r i b u t i o n  along t h e  path, t h e  conclusion t o  be 

drawn from the  d a t a  i s  t h a t  t he  average columnar content  i n  the  magnetos- 

pher ic  t a i l  from approximately 4 5 to t h e  moon i s  4.9 ? 1.2 x 10l6 elec-  

t r o n s  m . I f  t h i s  conten t  were spread evenly along t h e  path, i t  would 

imply an e l e c t r o n  number dens i ty  of 120 2 30 ~ m - ~ .  

protonosphere c a l c u l a t i o n  i s  highest  i n  t h i s  d i r e c t i o n  and is  bolstered 

by t h e  f a c t  t h a t  t h e  more complicated dayside model y i e l d s  reasonable 

-2 

Confidence i n  the  

r e s u l t s .  Careful cons idera t ion  of t h e  measurement techniques and de- 

ta i led  ana lys i s  of t h e  plasmasphere's con t r ibu t ion  t o  the o v e r a l l  con- 

t e n t  has f a i l e d  to  revea l  any more reasonable i n t e r p r e t a t i o n  of the  da ta .  

T h i s  r e s u l t  does not f i t  w e l l  wi th  recent  t h e o r e t i c a l  work [Dessler 

f o r  i t  i s  d i f f i c u l t  t o  expla in  such a high concentra- and Michel, 19661, 

t i on ,  either by t r anspor t ing  plasmasphere e l e c t r o n s  i n t o  the t a i l  or  by  

compressing s o l a r  plasma. Magnetometer measurements on IMP I i d e n t i f y  

a n e u t r a l  sheet region [ N e s s  -3 19661 and i t  has been demonstrated [Axford 

et al, 19653 t h a t  such a region r equ i r e s  the  presence of plasma t o  main- 

t a i n  pressure  equilibrium. The p a r t i c l e  d e n s i t i e s  possible using these 

theories, however, are 3 t o  10 times less than t h e  radar  measurements 

describe6 Cere sngges t?  

S ince  the d i f f e rence  between theory and measurement is  so l a rge ,  

i t  is  important t o  note  t h a t  t h e  weakest f a c e t  of the  radar  r e s u l t  l ies 

i n  t he  protonosphere ca l cu la t ion  between 1000 and 4000 km, While t h e  

1000 km d e n s i t i e s  are w e l l  known a t  c e r t a i n  t i m e s ,  there a r e  very f e w  

direct measurements through t h e  region and t h e  dens i ty  behavior w i t h  

21 
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height  i s  not w e l l  enough understood t o  completely e l imina te  t h e  possi-  

b i l i t y  t h a t  a f r a c t i o n  of t he  observed content  could be found within t h e  

protonosphere. I n  a l l  l ikel ihood,  i t  w i l l  be a small f rac tdon  because 

i f  t he  assumed e l ec t ron  number densi ty  of 6 x lo3  cm-3 were t o  extend 

undiminished t o  4000 km, the  in tegra ted  content  would be only 

-2 e l e c t m n s  m 

is, however, important t h a t  d i r e c t  experimental r e s u l t s  such a s  those 

obta inable  by var ious rad io  propagation experiments on board t h e  EGO and 

ATS e a r t h  s a t e l l i t e s  be obtained. duch measurements, when combined w i t h  

w h i s t l e r  and Alouet te  data ,  could completely and accura te ly  de f ine  t h i s  

region. 

16 1.8 x 10 

I t  while t h e  model used y i e l d s  1 .2  x 10l6 e l ec t rons  m-2. 

On t h e  o t h e r  hand, t h e  c lose  agreement between theory and measure- 

ment on t h e  day side s t rongly  suggests t h a t  t h e  a n t i - s o l a r  proponosphere 

model i s  c o r r e c t  and t h a t  present  plasma models of t h e  magnetospheric 

t a i l  a r e  inadequate t o  explain i t s  observed c h a r a c t e r i s t i c s .  

22 
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